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SHARED INTEGRATED DC-DC SUPPLY
REGULATOR

RELATED APPLICATIONS

This application 1s a continuation of U.S. application Ser.

No. 14/868,949, which was filed on Sep. 29, 2015 and 1s
titled “SHARED INTEGRATED DC-DC SUPPLY REGU-
LATOR,” the disclosure of which 1s expressly incorporated
by reference herein in its entirety, and which claims priority
to U.S. Provisional Apphcatlon No. 62/057,467, which was
filed on Sep. 30, 2014 and 1s titled “SHARED INTE-
GRATED DC-DC SUPPLY REGULATOR,” the disclosure
of which 1s expressly incorporated by reference herein 1n 1ts
entirety.

BACKGROUND

Technical Field

The disclosed technology relates to DC-DC supply regu-
lators and, 1n particular, to DC-to-DC supply regulators for
supporting power amplifier operation.

Description of Related Technology

One type of device that converts one direct current
(“DC”) voltage level to another DC voltage level may be
referred to as a DC-to-DC supply regulator or DC-to-DC
converter (DC-DC converter). DC-DC converters can be
included 1n battery-operated devices such as mobile tele-
phones, laptop computers, etc., in which the various sub-
systems of the device require several discrete voltage levels.
In some types of devices, such as a mobile telephone that
operates 1n a number of different modes, 1t can be desirable
to supply certain elements, such as power amplifiers, with a
supply voltage at a more etlicient level for the mode of
operation, rather than waste power and accordingly drain the
battery prematurely. In such devices, 1t can be desirable to
employ a DC-DC converter that can generate a number of
discrete voltage levels.

BRIEF DESCRIPTION OF THE

DRAWINGS

Throughout the drawings, reference numbers are re-used
to indicate correspondence between referenced elements.
The drawings are provided to illustrate embodiments of the
inventive subject matter described herein and not to limait the
scope thereof.

FIG. 1A 1llustrates a block diagram of an embodiment of
a wireless device with a number of front-end modules that
are each associated with a separate DC-DC supply regulator.

FIG. 1B 1llustrates a block diagram of an embodiment of
a wireless device with a number of front-end modules that
share an integrated DC-DC supply regulator.

FIG. 2 1llustrates a block diagram of an embodiment of a
portion of a multi-chip module that includes a pair of
front-end modules with a shared integrated DC-DC supply
regulator.

FIG. 3 illustrates a block diagram of an embodiment of a
layout of a 2G front-end module with a shared integrated
DC-DC supply regulator.

FIG. 4 illustrates a portion of a circuit diagram for a
front-end module with an integrated DC-DC supply regu-
lator and power amplifier bias circuit.

FIG. 5 1llustrates a block diagram of a wireless device
including a number of front-end modules.
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FIG. 6 illustrates a block diagram of a wireless device
including a number of front-end modules that share a

DC-DC supply regulator integrated 1n a 3G front-end mod-
ule.

SUMMARY

One aspect of this disclosure relates to a front-end module
(FEM) of a wireless device. The FEM may include a first
power amplifier and an itegrated DC-DC supply regulator.
The integrated DC-DC supply regulator may regulate a first
supply voltage provided to the first power amplifier. Further,
the integrated DC-DC supply regulator may regulate a
second supply voltage provided to a second power amplifier
that 1s external to the FEM.

In certain embodiments, the second power amplifier 1s
included 1n a different FEM. The FEM may be configured
for 2G communication. However, in some cases, the differ-
ent FEM that includes the second power amplifier may be
configured for non-2G communication.

Further, the FEM may include a switch configured to
supply a signal from one of the first power amplifier and the
second power amplifier to an antenna. In addition, the FEM
may include a third power amplifier that 1s configured to
provide low band 2G communication. In contrast, the first
power amplifier may be configured to provide high band 2G
communication. In some cases, the third power amplifier
receives a third supply voltage from a power source. This
third supply voltage may be received directly, or indirectly,
from the power source mstead of from the integrated DC-
DC supply regulator.

In some 1mplementations, the mtegrated DC-DC supply
regulator regulates the first supply voltage and the second
supply voltage based on a voltage received from a power
source. Further, the integrated DC-DC supply regulator may
be combined with a bias circuit. This bias circuit can supply
a bias current to the first power amplifier. Moreover, the
integrated DC-DC supply regulator can include a capacitor
and an inductor that are external to the FEM. Thus, in certain
embodiments, the integrated DC-DC supply regulator may
be partially integrated with the FEM and partially external to
the FEM. With some implementations, the FEM may further
include one or more impedance matching networks config-
ured to match an impedance value of the first power ampli-
fier to an 1mpedance value of an antenna.

Another aspect of this disclosure relates to a multi-chip
module (MCM). The MCM may include a first front-end
module (FEM) that can include a first power amplifier and
an mtegrated DC-DC supply regulator configured to regulate
a first supply voltage provided to the first power amplifier.
Further, the MCM may include a second FEM that can
include a second power amplifier. The second power ampli-
fler may be configured to receive a second supply voltage
from the integrated DC-DC supply regulator.

In some embodiments, the first FEM 1s configured for 2G
communication and the second FEM 1s configured {for
non-2G communication. In addition, the first FEM may
turther include a switch configured to supply a signal from
one of the first power amplifier and the second power
amplifier to an antenna. Moreover, the first FEM may
include a third power amplifier. In some such cases, the first
power amplifier may be configured to provide high band 2G
communication and the third power amplifier may be con-
figured to provide low band 2G communication. Further-
more, the third power amplifier may receive a supply voltage
from a source other than the itegrated DC-DC supply
regulator.
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In some designs, the integrated DC-DC supply regulator
may regulate the first supply voltage and the second supply

voltage based on a voltage received from a power source.
Further, the integrated DC-DC supply regulator may be
combined with a bias circuit. This bias circuit may be
configured to supply a bias current to the first power
amplifier. In addition, the MCM may further include a
capacitor and an inductor external to the first FEM. The
capacitor and the inductor may both be part of the integrated
DC-DC supply regulator of the first FEM.

In yet another aspect of this disclosure, a wireless device
1s disclosed. The wireless device may include an antenna
configured to provide a signal and/or receive a signal from
a multi-chip module (MCM). Further, the wireless device
may include the MCM. This MCM may include a first
front-end module (FEM) and a second FEM. The first FEM
may include a first power amplifier and an integrated DC-
DC supply regulator configured to regulate a first supply
voltage provided to the first power amplifier. The second
FEM may include a second power amplifier that may be
configured to receive a second supply voltage from the
integrated DC-DC supply regulator.

In some cases, the first FEM 1s configured for 2G com-
munication and the second FEM 1s configured for non-2G
communication. In addition, the first FEM may further
include a switch configured to supply a signal from one of
the first power amplifier and the second power amplifier to
the antenna. Further, the first FEM may include a third
power amplifier. The first power amplifier may be config-
ured to provide high band 2G communication and the third
power amplifier may be configured to provide low band 2G
communication. Moreover, the third power amplifier can
receive a supply voltage from a source other than the
integrated DC-DC supply regulator.

The wireless device may further include a power source
and the integrated DC-DC supply regulator may be further
configured to regulate the first supply voltage and the second
supply voltage based on a voltage received from the power
source. Further, the integrated DC-DC supply regulator may
be combined with a bias circuit. This bias circuit may be
configured to supply a bias current to the first power
amplifier. In addition, the MCM may further include a
capacitor and an inductor that 1s external to the first FEM.

This capacitor and the inductor may be part of the integrated
DC-DC supply regulator of the first FEM.

DETAILED DESCRIPTION

Typically, an electronic device will include a number of
power amplifiers. Wireless devices are no exception. Often,
a wireless device will include a number of power amplifiers
that are included 1n one or more front-end modules (FEMs).
Further, the wireless device may include one or more
additional components that support the power amplifier. For
example, the wireless device will often include a number of
matching circuits that match various elements of the FEM to
an impedance of the antenna, which 1s typically designed to
be 50 Ohms. As a second example, the wireless device may
include a number of bias circuits for biasing the power
amplifiers. As a third example, the wireless device may
include one or more DC-DC supply regulators for moditying
a voltage level and/or current level supplied to a power
amplifier.

Each of the various components described in the previous
paragraph add to the size of the wireless device. There 1s
typically an inherent tension between including additional
features 1 a wireless device and reducing the size and
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weight of the wireless device. This inherent tension 1s
exacerbated by the desire to extend battery life without
increasing the size of the battery, which typically accounts
for a significant percentage of the weight of the wireless
device.

Advantageously, embodiments described herein eliminate
die content, resulting 1in a smaller device footprint, while
maintaining or icreasing power efliciency. The systems and
processes described herein can reduce the footprint of the
internal devices of a wireless device by combining the
DC-DC supply regulator with a FEM. Further, the device
footprint can be further reduced by sharing the integrated
DC-DC supply regulator among multiple FEMs reducing or
climinating the use of a separate DC-DC supply regulator
for each FEM of a wireless device. Moreover, 1n certain
embodiments, by integrating the DC-DC supply regulator
into a 2G FEM, power elliciency can be improved for some
wireless devices. For example, the DC-DC supply regulator
may be used to supply power to a PA used for high-band 2G
transmission functions. Using the DC-DC supply regulator
can 1mprove power elliciency compared to systems that
supply the power for the high-band 2G PA directly from the
power supply (e.g., the battery).

Example Wireless Device

FIG. 1A illustrates a block diagram of an embodiment of
a simplified wireless device 100 with a number of front-end
modules 102 that each electrically communicate with a
DC-DC supply regulator 110, which may also be referred to
as a DC-DC converter circuit. The front-end modules 102
can include a number of FEMSs for facilitating signal trans-
mission across a set of communication bands using a num-
ber of communications standards or technologies. Often, the
communication standards or technologies are i1dentified by
generation or version. For example, a large percentage of the
world uses second generation wireless telephone technology
for transmitting voice calls. This technology 1s typically

reterred to as 2G or 2-G. Other communications standards
include 2.5G, 3G, 4G, 4G LTE, 5G, WIMAX, GSM.,

CDMA, eftc.

As 1llustrated 1n FIG. 1A, the front-end modules 102 may
include a 2G FEM 104, a 3G FEM 106, and a 4G FEM 108.
Each of the FEMs 102 may facilitate transmission of a
communications signal via the antenna 122. Further, at least
some of the FEMs 102 may transmit using a different
technology and/or over a different frequency band. The
FEMs 102 may each receive power from a DC-DC supply
regulator 110. For example, the 2G FEM 104 may receive
power from the DC-DC supply regulator 110A, the 3G FEM
106 may receive power from the DC-DC supply regulator
110B, and the 4G FEM 108 may receive power irom the
DC-DC supply regulator 110C. To simplily discussion, and
not to limit the disclosure, the DC-DC supply regulators
110A, 110B, and 110C may be referred to as a DC-DC
supply regulator 110, 1n the singular or the plural. In some
embodiments, the DC-DC supply regulator 110A may be
omitted. In such embodiments, the 2G FEM 104 may
receive power directly from a power source (e.g., a battery).

Typically, as 1llustrated in FIG. 1A, each FEM 102 may be
powered by its own DC-DC supply regulator 110. Further,
although not shown, each DC-DC supply regulator 110 may
be 1n electrical communication with 1ts own inductor and
capacitor. Thus, the more wireless technologies or standards
that may be supported by a given wireless device, the more
space that may be allocated to DC-DC supply regulators
110.

Further, 1n some embodiments, one or more of the FEMs,
such as the 2G FEM 104, may support multiple bands. For
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instance, the 2G FEM 104 may support a low band and a
high band mode. Often, the low band supporting devices
(c.g., a low band PA) in the 2G FEM 104 are powered
directly by the battery, or other power supply. Although the
high band supporting devices (e.g., a high band PA) may be
powered via a DC-DC supply regulator, often the die that
includes the 2G FEM 1ncludes a single supply pin. Thus, 1n
such cases, the high band supporting devices are also
powered directly by the power supply, which can result 1n a
reduced power etliciency compared to a system that enables
the high band supporting devices to be powered via the
DC-DC supply regulator 110A.

As discussed in more detail below, embodiments dis-
closed herein reduce the footprint of the wireless commu-
nication system by integrating the DC-DC supply regulator
within an FEM and sharing the integrated DC-DC supply
regulator between the FEMs of the wireless device, as
illustrated 1n FIG. 1B. Further, in some embodiments, by
integrating the DC-DC supply regulator into an FEM that
supports multiple bands, power efliciency can be improved
by enabling high band (e.g., 1800-1900 MHz) supporting
components to be powered via the DC-DC supply regulator
while low band (e.g., 800-900 MHz) supporting components
are powered directly by the power supply (e.g., a battery).

FIG. 1B 1llustrates a block diagram of an embodiment of
a wireless device 150 with a number of front-end modules
120 that share an integrated DC-DC supply regulator 142.
As with the wireless device 100, the FEMs 120 of the
wireless device 150 can include multiples FEMs. For
instance, the 1llustrated example includes 2G FEM 140, 3G
FEM 106, 4G FEM 108. However, unlike the FEMs 102 of
FIG. 1A, the FEMs 120 share a DC-DC supply regulator
142, which can be integrated into the 2G FEM 140.

Although the DC-DC supply regulator 142 1s integrated
into the 2G FEM 140 1n the illustrated example, 1t should be
understood that the DC-DC supply regulator could alterna-
tively be integrated into a different FEM, such as the 3G
FEM 106. Further, although the wireless device 150 includes
one DC-DC supply regulator 142 that 1s shared among each
of the FEMs 120, 1t should be understood that the FEMs 120
can 1nclude multiple DC-DC supply regulators with at least
one of the DC-DC supply regulators being shared among at
least two FEMs. For instance, the 2G FEM 140 may include
its own DC-DC supply regulator, while the 3G FEM 106
may include a separate DC-DC supply regulator that 1t
shares with the 4G FEM 108.

Example Multi-Chip Module

FI1G. 2 illustrates a block diagram of an embodiment of a
portion of a multi-chip module 200 (MCM) that includes a
pair of front-end modules with a shared integrated DC-DC
supply regulator. The MCM 200 may be included as part of
a communications system of a device, which may be a wired
or wireless device. It should be understood that the MCM
200 may include a number of additional devices, such as a
power amplifier controller and one or more additional filters.
However, to simplity discussion and not to limit the disclo-
sure, these additional components have been omitted from
FIG. 2.

The MCM 200 may include a FEM 210 and an FEM 230.
Although two FEMSs are depicted, 1t 1s possible for the MCM
200 to include more or fewer FEMs. In some embodiments,
the MCM 200 may include a separate FEM for each com-
munications technology supported by a device that includes
the MCM 200. In the illustrated example of FIG. 2, the FEM
210 represents a 2G FEM that supports a 2G communica-
tions standard. The FEM 230 may be configured to support
one or more alternative communications standards or tech-
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nologies. For example, the FEM 230 may be configured to
support 3G and 4G communications. Further, the FEM 230
may support a number of commumcations bands. For
example, the FEM 230 may support six or seven comimu-
nications bands. In the illustrated example, the FEM 230
supports a number of communications bands via the three

power amplifiers 232A, 2328, 232C, which may individu-
ally or collectively be referred to as power amplifiers 232. In
some cases, each power amplifier 232 supports a different
communication band. Alternatively, at least some of the
power amplifiers 232 may support multiple commumnication

bands. Thus, although the FEM 230 includes three power
amplifiers 232, the FEM 230 may support more than three
communication bands.

The FEM 210 includes a combined DC-DC supply regu-

lator (or converter) and bias circuit block 216. To simplily
discussion, and not to limit the disclosure, the combined

DC-DC supply regulator and bias circuit block 216 will be

referred to herein as a DC-DC+ bias 216. The DC-DC+ bias
216 can provide both the functionality of a DC-DC supply
regulator and a bias circuit. Advantageously, in certain
embodiments, the DC-DC+ bias 216 can be integrated into
the FEM 210 with minimal increase 1n the size of the 2G
FEM. In some cases, the die incorporating the DC-DC
supply regulator increases 1n size by less than 20% when the
DC-DC supply regulator and bias circuit are combined. This
s1ze increase of the DC-DC+ bias die may translate to less
than a 5% increase 1n the size of the 2G FEM. In some cases,
the discrepancy in the size increase of the DC-DC die 1s
because, 1n some cases, the inductor and capacitor may be
external to the 2G FEM. Further, although the 2G FEM may
increase by a small percentage 1n size, the overall size of the

wireless device may be reduced because other FEMs may
share the DC-DC supply regulator with the 2G FEM.

Moreover, 1n some embodiments, the DC-DC+ bias 216 can
be integrated into the FEM 210 without increasing the size
of the 2G FEM. Moreover, 1n some implementations, the
DC-DC+ bias 216 can be integrated into a 3G or other FEM
with little to no increase in the size of the FEM.

Advantageously, by integrating the DC-DC supply regu-
lator with the bias circuit in the FEM 210, the size of the
footprint required for the 2G communications circuitry may
be reduced. Further, 1n some implementations, power eili-
ciency may be increased because, for example, power may
be supplied to the high band PA 212 by the DC-DC+ bias
216. The DC-DC+ bias 216 can regulate the supplied power
to 1improve the power efliciency of the high band PA 212.
Further, as the low band PA of the 2G FEM typically draws
a significant amount of current, the low band PA 214 may be
powered directly by the battery 204, or other power source,
by placing the lower band PA 214 1n electrical communi-
cation with the battery without the DC-DC supply regulator.

As 1llustrated 1n FIG. 2, the MCM 200 further includes an
inductor 226 and a capacitor 228. The inductor 226 and the
capacitor 228, although external to the FEM 210, may form
part of the DC-DC+ bias 216. Thus, the inductor 226 may be
referred to as a DC-DC inductor and the capacitor 228 may
be referred to as a DC-DC capacitor. The inductor 226 and
the capacitor 228 facilitate the conversion of power from the
DC-DC supply regulator of the DC-DC+ bias 216. Further,
as 1llustrated by the Vcc mput 206, the DC-DC+ bias 216
provides power to the FEM 230. Thus, advantageously, the
integrated DC-DC+ bias 216 of the FEM 210 can be used to
power the FEM 230 thereby eliminating a separate DC-DC
supply regulator for the FEM 230 and further reducing the
footprint of the MCM 200.
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As previously indicated, the FEM 210 includes a power
amplifier 212 and a power amplifier 214. The power ampli-
fier 212 can be configured to support high band 2G operation
(e.g., 1800-1900 MHz) and the power amplifier 214 can be
configured to support low band 2G operation (e.g., 800-900
MHz). Further, each of the power amplifiers 212, 214 may
support multiple communication bands. Although not lim-
ited as such, both the power amplifier 212 and the power
amplifier 214 may be formed from a set of heterojunction
bipolar transistors (HBTs). Similarly, the power amplifiers
232 of the FEM 230 may be formed from a set of HBTs.

The FEM 210 further includes an impedance matching,
218 and an impedance matching circuit 220 configured to
match the impedance at the output of the power amplifier
212 and the power amplifier 214, respectively, to an 1mped-
ance ol the antenna 224. Typically, the antenna 224 1is
designed to be at a 50 Ohm impedance. However, it 1s
possible for the antenna 224 to be designed for a diflerent
impedance value. Further, in some cases, the impedance of
the antenna 224 may vary based on the operation of the
wireless device that includes the MCM 200. For instance,
the impedance may change based on the distance of the
wireless device to a base station or the location of the user’s
hand i1n relation to the antenna 224. In such cases, the
impedance matching circuits 218 and 220 may be configured
to adjust the impedance at the output of the power amplifier
212 and 214, respectively, based on the measured impedance
at the antenna 224.

In addition, the FEM 210 includes a switch 222 that 1s
configured to determine which signal should be sourced or
provided to the antenna 224. As illustrated in FIG. 2, the
switch 222 can receive signals from the FEM 230, via the
duplexers 234, as well as from the PAs 212 and 214, via the
respective impedance matching circuits 218 and 220. The
switch 222 can provide a selected signal to the antenna 224
based on a control signal. In some embodiments, the control
signal may be provided by the DCDC+ bias 216.

As indicated above, the MCM includes a number of
duplexers 234. In some cases, a duplexer 234 may exist for
cach PA 232 in the FEM 230. For instance, the duplexer
234A may correspond to the PA 232A, the duplexer 234B
may correspond to the PA 232B, and the duplexer 234B may
correspond to the PA 232B. In some cases, one or more of
the duplexers 234 may be shared by one or more of the PAs
232. Further, the duplexers 234 may include one or more
filters for filtering the output of the FEM 230.

The power amplifiers of the MCM 200 can include any
type of power amplifier. Further, the power amplifiers may
be set to operate at a particular operating point. This oper-
ating point may be configured by the DCDC+ bias 216,
which may provide a bias current and/or voltage to one or
more of the power amplifiers. In some embodiments, the
FEM 230 may include a separate bias circuit for the PAs 232
of the FEM 230.

Although much of the above discussion has been 1n the
context of transmitting a signal, 1t should be understood that
the FEMs 210 and 230 may also be involved 1n receiving a
signal from the antenna 224. For instance, the duplexers 234
may also provide a received signal to a transceiver within a
wireless device.

Example Layout of a 2G FEM

FI1G. 3 illustrates a block diagram of an embodiment of a
block layout 300 of a 2G front-end module 210 with a shared

integrated DC-DC supply regulator 216. In the example
illustrated in FIG. 3, the high band PA 212 and the low band
PA 214 of FIG. 2 are included 1n a single block as a
multiband PA 310. In addition, the FEM 210 1ncludes a pair
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of additional impedance matching blocks, antenna 1mped-
ance matching block 302 and interstage impedance match-
ing block 304.

The antenna impedance matching block 302 may include
a circuit for matching the impedance between the antenna
224 and the switch 222. Further, the antenna impedance
matching block 302 may be configured to match the imped-
ance both when signals are being transmitted and received.
In addition, in some embodiments, the antenna impedance
matching block 302 1s configured to generate a harmonic
match and/or to filter out particular harmonics of the trans-
mit or receive signal. Moreover, the antenna impedance
matching block 302 may be configured to protect against
clectrostatic damage (ESD) that may occur, for example,
from human contact with the antenna 224.

The interstage impedance matching block 304 1s config-
ured to perform impedance matching between the stages of
the power amplifiers of the multiband PA 310. Typically,
although not necessarily, the power amplifiers of the mul-
tiband PA 310 will include multiple stages, which each
contribute to the gain factor of the PAs. Usually, a lower
power input 1s applied to the mput of the PA and the PA
outputs a signal at a higher power. The applied gain can
result 1n an 1impedance mismatch between stages of the PA.
The interstage impedance matching block 304 can match the
impedance between the lower power mput stage, the one or

more mntermediate stages, and the output stage of the PAs
included in the multiband PA 310.

The block layout 300 includes a second FEM 330, which
1s configured to provide a communications band, such as
LTE-band 1, other than the 2G bands of the FEM 210. The
FEM 330 111c1udes a B1 PA 332 configured to prowde gain
for the communication signal transmitted or received via the
FEM 330. Further, the signal output by the B1 PA 332 is
provided to a duplexer 334, which can include one or more
filters for the received signal or the signal to be transmuitted
via the antenna 224.

Example FEM Circuit that Includes an Integrated DC-DC
Supply Regulator

FIG. 4 1illustrates a portion of a circuit diagram for a
front-end module 410 with an itegrated DC-DC supply
regulator (or converter)+ bias block 216 that includes a
power amplifier bias circuit 402. The integrated DC-DC
supply regulator 216 includes a DC-DC supply regulator
402 1n addition to the power amplifier bias circuit 404. The
front-end module 410 may include some or all of the
features and components 1illustrated and described with
respect to the FEM 210. These additional features and
components have been omitted from the FEM 410 to sim-
plify the diagram and not to further limit the design.

The FEM 410 1s a 2G FEM that supports multiple
frequency bands with the inclusion of multiple power ampli-
fiers. Although FIG. 4 1llustrates a 2G FEM, certain embodi-
ments of the FEM 410 may also be applicable for FEMs that
support other communication technologies, such as 3G, 4G
LTE, or 5G. The FEM 410 may include a low band (or LB)
PA 214 and a high band (or HB) PA 212. In some embodi-
ments, the HB PA 212 may also support mid band (or MB)
operation.

Both the LB PA 214 and the HB PA 212 are 1llustrated as
three-stage PAs. However, the power amplifiers are not
limited as such and may include fewer stages, such as two
stages, or a greater number of stages, such as four stages or
any other number of stages. Typically, the low band PA 214
tends to have a higher upper power requirement compared to
the HB PA 212. For example, 1n some cases, the upper power
requirement of the LB PA 214 can be up to 3 dB higher than
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that of the HB PA 212. Thus, as illustrated in FIG. 4, each
stage of the LB PA 214 1s supplied its power by the power
supply input (e.g., Vbatt) to the FEM 410. This 1s illustrated
in FIG. 4 by the line that connects the Vbatt to the output of
cach transistor stage 214A, 214b, and 214¢ 1n the LB PA
214. In contrast, while the first two stages 212aq and 2125 of
the HB PA 212 receive power directly from Vbatt, the output
stage 212¢ can draw 1ts power from the output of the
DCDC+ bias 216. In some cases, the voltage supplied by the
Vbatt may be about 3.8 volts. However, 1n certain imple-
mentations, the Vbatt may have a diflerent voltage value or
voltage range.

The bias circuit 404 of the DC-DC+ bias 216 can supply
a reference current to bias each transistor of the amplifiers
that make up the HB and/or MB PA 212 and the LB PA 214.
This bias circuit 404 may be integrated onto the same die as
the DC-DC supply regulator 402, which together forms the
DC-DC+ bias 216. This DC-DC+ bias 216 may 1itself be
combined with other features, such as a PA, of the FEM 410
on a single die or may be a separate die that 1s included as
part of the FEM 410.

As 1llustrated, the bias circuit 404 may receive a reference
voltage Vrefl. This reference voltage may be an external
analog voltage provided to the system by, for example, a
cellular radio, or may be generated by an integrated data
converter that generates the reference voltage based on a
digital interface. The reference voltage Vrefl may be pro-
vided to an operational amplifier in a feedback loop with a
first transistor T1, which creates a voltage to current con-
verter. The current may then be supplied by the transistors
12, T3, and T4 to the transistor stages of the PAs. For
instance, the transistor T2 may supply the bias current to the
first stage 212a and 214a of the PAs 212 and 214, respec-
tively. Similarly, the transistor T3 may supply the bias
current to the second stage 2126 and 2145 of the PAs 212
and 214, respectively, and the transistor T4 may supply the
bias current to the output stage 212¢ and 214¢ of the PAs 212
and 214, respectively. One or more of the transistors T1, T2,
13, and T4 may be pFETs. However, the transistors are not
limited as such and may include other types of transistors,
such as nFETs, BJTs, or HBTs.

In certain embodiments, one or more of the transistors 12,
13, and T4 may supply a different current to one or more of
the respective transistor stages ol one or more of the PAs 212
and 214. For example, the transistor T4 may supply a larger
bias current to the output stages 212¢ and 214¢ than the
transistor T2 may supply to the input stages 212a and 214a
of the PAs 212 and 214. In some cases, the bias current
supplied to one stage of the PAs 212 and 214 may be a
multiple of the bias current supplied to another stage. For
instance, the output stages of the PAs 212 and 214 may
receive three time the bias current of the input stages to the
PAs 212 and 214. Moreover, 1n certain embodiments, one or
more stages of the PA 212 may receirve a diflerent bias
current than the corresponding stage from the PA 214. In
other words, the first stage 212a may receive a diflerent bias
current than the first stage 214a.

The DC-DC supply regulator 402 integrated 1nto the FEM
410, which can be a 2G FEM, may supply power to PAs that
are external to the FEM 410, such as to one or more PAs that
support 3G or 4G operation by a wireless device. This
provisioning of power to external devices 1s 1llustrated the
“To 3G/4G” output of the FEM 410. Although the output
line addresses 3G or 4G, it should be understood that the
disclosure 1s not limited as such and that the DC-DC supply
regulator 402 of the FEM 410 may supply power to PAs that
support other types of wireless operation, such as 3G.
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Advantageously, the design of FIG. 4 enables multiple PAs
supporting different wireless communication standards and/
or frequency bands to share a single DC-DC supply regu-
lator 402, which may result in cheaper and smaller devices
because, for instance, the number of DC-DC supply regu-
lators for a wireless device may be reduced.

Generally, each stage of a high band PA included 1n a 2G
supporting FEM 1s supplied power by Vbatt. This 1s often
the case because the low band PA due to its relatively high
power requirements needs to draw 1ts power from Vbatt. As
illustrated 1n FIG. 4, by integrating the DC-DC supply
regulator 402 1nto the FEM 410, the output stage 212¢ of the
HB PA 212 can draw power from the DC-DC supply
regulator 402. Typically, the output stage 212¢ may be
supplied the same power that 1s output to the 3G/4G (or
other supported communication technologies) power ampli-
fiers. By supplying power to the HB PA 212 from the
DC-DC supply regulator 402 instead of from Vbatt, as may
occur 1n certain other FEMs, the efliciency of the HB PA 212
can be improved.

As with the bias circuit 404, the DC-DC supply regulator
402 may receive a reference voltage Vref2. Generally, the
reference voltage Vrel2 1s a separate reference voltage from
the reference voltage Vrefl received by the bias circuit 404.
However, in certain embodiments, although the Vrefl and
Vref2 voltages may be separate reference voltages received
from separate sources, they may share the same voltage
value. Moreover, 1n some embodiments, both the Vrefl and
Vref2 may be received from the same source. In some such
cases, the Vrefl and Vrel2 may be received at the same pin
of the FEM 410.

The reference voltage Vref2 received at the DC-DC
supply regulator 402 may be used to configure the supply
voltage recerved by the DC-DC supply regulator 402. Typi-
cally, this reference voltage Vrel2 1s independent from the
bias circuit 404 and i1s not mvolved 1n configuring or
providing a bias current to the PAs 212 and 214.

In addition to the reference voltage Vrei2, the DC-DC
supply regulator 402 receives a clock signal 420. As 1llus-
trated 1n FIG. 4, this clock signal 420 may be a saw tooth
signal. Further, the clock signal 420 may be a pulse width
modulated signal. The clock signal 420 may create shorter or
longer pulses based on the current DC level. These pulse
widths will effectively turn on and off the switches repre-
sented by the transistors 422 and 424 for different durations
to vary the voltage that 1s output from the DC-DC supply
regulator 402 across the inductor 426. As previously
described, the output signal may be provided to other FEMs,
such as a 3G or 4G FEM, and/or to the output stage of the
HB PA 212 of the FEM 410. Further, the varying pulse
widths of the clock signal 420 may alter the duty cycle of the
DC-DC supply regulator 402, which can result 1n the output
voltage being adjusted to bring 1t closer to the target voltage
which may be determined based at least in part on the
reference voltage Vref2.

The inverter 430 can provide a control signal to the
transistors 422 and 424 that may be based on the received
reference signal Vrel2 and the clock signal 420. Based on
this control signal, the transistors 422 and 424 can be turned
on or ofl, thereby switching the inductor 426 between Vbatt
and ground.

In certain cases, the target voltage may be at or near the
Vbatt voltage. When these cases occur, 1t can be ineflicient
to use the DC-DC supply regulator 402 to adjust the voltage
output by the FEM 410 to trying and satisty the desired
target voltage. Thus, 1n some such cases, the DC-DC supply
regulator 402, or its functionality, may be deactivated, and
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the Vbatt may be supplied or shorted via a bypass transistor
432 to the output through the inductor 426. Advantageously,
in certain embodiments, by providing Vbatt to the output via
the inductor 426 when the target voltage 1s close (e.g., within
a threshold voltage difference) to the Vbatt, the energy
required to operate the DC-DC supply regulator 402 func-
tionality may be reduced thereby increasing battery life for
a wireless device that incorporates the DC-DC supply regu-
lator 402.
Additional Wireless Device Examples

FI1G. 5 1llustrates a block diagram of a wireless device 500
including multi-chip module 550 with a number of {ront-end

modules 540. The multi-chip module 550 can include the
MCM 200. Further, the MCM 5350 can include one or more

[

of the embodiments described above with respect to the
MCM 200 and/or the block layout 300.

In the example 1illustrated i FIG. 5, the FEMs 540
includes three FEMSs, a 2G FEM 210, a 3G FEM 544, and
a4G FEM 546. In some implementations One Or more of the
FEMSs may be combined. For example, the 3G FEM 544 and
the 4G FEM 546 may be combined into a single FEM 230
as 1llustrated in FI1G. 2. Further, the FEMs 540 may include
more or Ifewer FEMs than illustrated. As previously
described, the 2G FEM 210 can include a DC-DC supply
regulator, which may be integrated with the bias circuit of
the 2G FEM. This DC-DC supply regulator may be shared
with the 3G FEM 544 and the 4G FEM 546 thereby enabling
a reduction in the size of the FEMs 540.

In addition to the FEMs 540, the MCM 5350 may include
a number of additional systems configured to facilitate
operation of the PAs included in the FEMs 540. For
example, the MCM 550 may include a PA controller 552
configured to set the mode of one or more PAs included 1n
the FEMs 540. Further, the PA controller 352 may configure
the switch 222 of the 2G FEM 210 to select a signal for
transmission from one of the FEMs 540 or from a particular
band supported by one of the FEMs 540, such as a low band
transmission by the 2G FEM 210 or a 4G signal from the 4G
FEM 3546.

In some embodiments, the PA controller 552 may set the
operating point for a PA included in a FEM 540 by modi-
fying a bias circuit, such as the DCDC+ bias 216. For
instance, the PA controller 552 may set or modily a bias
current provided by the DCDC+ bias 216 to the PA 212 of
FIG. 2.

In addition, the MCM 550 may include one or more
impedance matching networks 554 configured to match one
or more impedance values between one or more circuits 1n
a load line. For instance, the impedance matching network
554 may be configured to match an impedance between the
antenna 522A and the FEMs 540.

In some cases, the MCM 5350 can recerve RF signals from
a transcerver 510 that can be configured and operated 1n
known manners to generate RF signals to be amplified and
transmitted, and to process received signals. The transceiver
510 1s shown to interact with a baseband subsystem 508 that
1s configured to provide conversion between data and/or
voice signals suitable for a user and RF signals suitable for
the transcerver 510. The transceiver 510 may also be con-
nected to a power management component 506 that 1s
configured to manage power for the operation of the wireless
device. Such power management can also control operations
of the baseband sub-system 508 and the MCM 350. It should
also be understood that the power management component
506 may include a power supply, such as a battery. Alter-
natively, or in addition, one or more batteries may be
separate components within the wireless device 500.
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Other connections between the various components of the
wireless device 500 are possible, and are omitted from FIG.
5 for clanty of illustration only and not to limit the disclo-
sure. For example, the power management component 506
may be electrically connected to the baseband subsystem
508, the MCM 550, the DSP 512, or other components 514.
As a second example, the baseband subsystem 508 may be
connected to a user 1ntertace processor 516 that may facili-
tate mput and output of voice and/or data provided to and
received from the user. The baseband sub-system 508 can
also be connected to a memory 518 that may be configured
to store data and/or 1nstructions to facilitate the operation of
the wireless device 500, and/or to provide storage of infor-
mation for the user.

In addition to the aforementioned components, the wire-
less device may include one or more central processors 520.
Each central processor 320 may include one or more pro-
cessor cores. Further, the wireless device 500 may include
one or more antennas 322A, 522B. In some cases, one or
more of the antennas of the wireless device 500 may be
configured to transmit and receive at diflerent frequencies or
within different frequency ranges. Further, one or more of
the antennas may be configured to work with different
wireless networks. Thus, for example, the antenna 522A
may be configured to transmit and recerve signals over a 2G
network, and the antenna 522B may be configured to trans-
mit and receive signals over a 3G network. In some cases,
the antennas 522A and 522B may both be configured to
transmit and receive signals over, for example, a 2.5G
network, but at different frequencies.

A number of other wireless device configurations can
utilize one or more features described herein. For example,
a wireless device does not need to be a multi-band device.
In another example, a wireless device can include additional
antennas such as diversity antenna, and additional connec-
tivity features such as Wi-Fi, Bluetooth, and GPS. Further,
the wireless device 500 may include any number of addi-
tional components, such as analog to digital converters,
digital to analog converters, graphics processing units, solid
state drives, etc. Moreover, the wireless device 500 can
include any type of device that may communicate over one
or more wireless networks and that may include a number of
FEMs 340 which may share an integrated DC-DC supply
regulator. For example, the wireless device 500 may be a
cellular phone, including a smartphone or a dumbphone, a
tablet, a laptop, a video game device, a smart appliance, eftc.

FIG. 6 illustrates a block diagram of another wireless
device 600 including a number of front-end modules 604
that share a DC-DC supply regulator integrated 1n a 3G
front-end module 620. The wireless device 600 1ncludes a
number of the same elements as the wireless device 500.
Further, as illustrated m FIG. 6, the FEMs 604 of the
wireless device 600 may include a number of FEMs. The
FEMs 604 may include a 2G FEM 610, a 3G FEM 620, and
a 4G FEM 612. In the illustrated example the 3G FEM 620
may mnclude a DCDC+ Bias block 622, which may include
a combined DC-DC supply regulator and a bias circuit for
supplying a bias current to one or more power amplifiers

included by the FEMs 604. The DCDC+ Bias 622 may be 1n
electrical communication with the 2G FEM 610 and the 4G
FEM 612.

As 1llustrated by the dashed lines, the 2G FEM 610 may
be optional 1 some embodiments. In such cases, the
DCDC+ Bias 622 may be shared between the 3G GEM 620
and the 4G FEM 612.

Terminology

Unless the context clearly requires otherwise, throughout

the description and the claims, the words “comprise,” “com-
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prising,” and the like are to be construed in an inclusive
sense, as opposed to an exclusive or exhaustive sense; that
1s to say, 1n the sense of “including, but not limited to.” The
term “‘coupled™ 1s used to refer to the connection between
two elements, the term refers to two or more elements that
may be etther directly connected, or connected by way of
one or more intermediate elements. Additionally, the words
“herein,” “above,” “below,” and words of similar import,
when used 1n this application, shall refer to this application
as a whole and not to any particular portions of this
application. Where the context permits, words in the above
Detailed Description using the singular or plural number
may also iclude the plural or singular number respectively.
The word “or” 1n reference to a list of two or more 1items, that
word covers all of the following interpretations of the word:
any of the items 1n the list, all of the 1tems 1n the list, and any
combination of the 1tems 1n the list.

b

The above detailed description of embodiments of the
inventions are not intended to be exhaustive or to limit the
inventions to the precise form disclosed above. While spe-
cific embodiments of, and examples for, the mventions are
described above for 1llustrative purposes, various equivalent
modifications are possible within the scope of the mnven-
tions, as those skilled in the relevant art will recognize. For
example, while processes or blocks are presented 1n a given
order, alternative embodiments may perform routines hav-
ing steps, or employ systems having blocks, 1n a different
order, and some processes or blocks may be deleted, moved,
added, subdivided, combined, and/or modified. Each of
these processes or blocks may be implemented 1n a variety
of different ways. Also, while processes or blocks are at
times shown as being performed 1n series, these processes or
blocks may instead be performed in parallel, or may be
performed at different times.

The teachings of the inventions provided herein can be

applied to other systems, not necessarily the system
described above. The elements and acts of the various

embodiments described above can be combined to provide
turther embodiments.

Conditional language used herein, such as, among others,
can,” “might,” “may,” “e.g.,” and the like, unless specifi-
cally stated otherwise, or otherwise understood within the

context as used, 1s generally intended to convey that certain
embodiments include, while other embodiments do not
include, certain features, elements and/or states. Thus, such
conditional language 1s not generally intended to imply that
features, elements and/or states are in any way required for
one or more embodiments or that one or more embodiments
necessarlly include logic for deciding, with or without
author mput or prompting, whether these features, elements
and/or states are included or are to be performed in any
particular embodiment.

4

While certain embodiments of the inventions have been
described, these embodiments have been presented by way
of example only, and are not intended to limit the scope of
the disclosure. Indeed, the novel methods and systems
described herein may be embodied 1n a variety of other
forms; furthermore, various omissions, substitutions and
changes 1n the form of the methods and systems described
herein may be made without departing from the spirit of the

disclosure. The accompanying claims and their equivalents
are intended to cover such forms or modifications as would

tall within the scope and spirit of the disclosure.
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What 1s claimed 1s:

1. A front-end module for use 1n a wireless device, the
front-end module comprising;:

a first power amplifier on an integrated circuit die of the

front-end module; and

an 1ntegrated direct current to direct current converter

circuit at least partially within the front-end module and
located on the integrated circuit die, the integrated
direct current to direct current converter including a
capacitor and an inductor external to the front-end
module and connected to a regulated supply output pin
of the integrated circuit die, the integrated direct current
to direct current converter configured to regulate a first
supply voltage provided to the first power amplifier and
to regulate a second supply voltage provided to a
second power amplifier via the regulated supply output
pin, the second power amplifier located on a second
integrated circuit die of a separate second front-end
module not having a direct current to direct current
supply regulator integrated on the second integrated
circuit die.

2. The front-end module of claim 1 wherein the second
front-end module 1s configured for non-second generation
cellular communication.

3. The front-end module of claim 1 wherein the front-end
module 1s configured for second generation cellular com-
munication.

4. The front-end module of claim 1 further comprising a
switch configured to supply a signal from the first power
amplifier to an antenna.

5. The front-end module of claim 1 further comprising a
bias circuit on the imtegrated circuit die combined with the
direct current to direct current converter circuit, the bias
circuit configured to supply a bias current to the first power
amplifier.

6. The front-end module of claim 1 wherein the capacitor
and 1inductor form part of a bias circuit of the direct current
to direct current converter circuit that regulates the second
supply voltage supplied to the second power amplifier.

7. The front-end module of claim 1 further comprising a
third power amplifier configured to provide low band second
generation cellular communication and to receive power
from a source and not the direct current to direct current
converter circuit.

8. The front-end module of claim 1 wherein the integrated
direct current to direct current converter circuit regulates
voltage based on a voltage received from a power source.

9. The front-end module of claim 1 further comprising
one or more impedance matching networks configured to
match an impedance value of the first power amplifier to an
impedance value of an antenna.

10. A method of regulating power supplied to a first power
amplifier and second power amplifier from an integrated
direct current to direct current converter circuit, the method
comprising;

regulating a first power supply voltage by an integrated

direct current to direct current converter circuit, the first
power supply voltage provided to a first power ampli-
fier on an integrated circuit die of a front-end module,
the integrated direct current to direct current converter
circuit having at least a portion within the front-end
module located on the integrated circuit die, and the
direct current to direct current converter circuit having
a capacitor and an inductor positioned external to the
front-end module and connected to a regulated supply
output pin; and

regulating a second power supply voltage by the inte-

grated direct current to direct current converter circuit,
the second power supply voltage provided to a second

power amplifier located on a second integrated circuit
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die separate from the integrated circuit die and not
having a direct current to direct current supply regula-
tor configured on the second integrated circuit die, the
second power supply voltage provided to the second

power amplifier via the regulated supply output pin of 4

the integrated circuit die.

11. The method of claim 10 wherein the front-end module
1s configured for second generation cellular communication
and the second front-end module 1s configured for non-
second generation cellular communication.

12. The method of claim 10 further comprising supplying
a signal from one of the first power amplifier and the second
power amplifier to an antenna using a switch.

13. The method of claim 10 further comprising supplying
a bias current to the first power amplifier from a bias circuit
within the front-end module and combined with the direct
current to direct current converter circuit located on the
integrated circuit die.

14. The method of claim 13 wherein the capacitor and
inductor although external to the front-end module form part
of the bias circuit of the direct current to direct current
converter circuit.

15. The method of claim 10 further providing power to a
third power amplifier configured to provide low band second
generation cellular communication, the power provided to
the third power amplifier provided from a power source that
1s not regulated by the direct current to direct current
converter circuit.

16. The method of claim 10 wherein the integrated direct
current to direct current converter circuit regulates voltage
based on a voltage received from a power source.

17. A multi-chip module comprising:

a first front-end module 1implemented on a first integrated

circuit die having a regulated supply output pin, the first
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front-end module including a first power amplifier and
at least a portion of an integrated direct current to direct
current converter circuit configured to regulate a first
supply voltage, the regulated first supply voltage pro-
vided to the first power amplifier, and the direct current
to direct current converter circuit including a capacitor
and an inductor external to the front-end module and
connected to the regulated supply output pin; and

a second front-end module implemented on a second

integrated circuit die that i1s separate from the first
integrated circuit die and includes a second power
amplifier, the second power amplifier configured to
receive a second regulated supply voltage provided by
the direct current to direct current converter circuit via
the regulated supply output pin.

18. The multi-chip module of claim 17 wherein the
second front-end module does not include a direct current to
direct current converter circuit integrated on the second
integrated circuit die.

19. The multi-chip module of claim 17 wherein the first
front-end module includes a bias circuit within the front-end
module and combined with the direct current to direct
current converter circuit, the bias circuit configured to
supply a bias current to the first power amplifier.

20. The multi-chip module of claim 17 wherein the first
front-end module includes a third power amplifier that
receives a supply voltage from a source other than the
integrated direct current to direct current converter circuit,
the first power amplifier configured to provide high band
second generation cellular communication and the third
power amplifier configured to provide low band second
generation cellular communication.
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